Abstract -This paper focuses on the kinematic calibration of a modular reconfigurable robot. To aim at low complexity and high generality, a new calibration method was proposed. Based on the definition of independent modules and the kinematics, the kinematic errors were divided into two categories, and will be calibrated respectively. The first category is the individual module errors, which represent the machining errors of modules; they will be calibrated directly by measuring tools. The second category is the assembly errors between consecutive modules, and will be calibrated by using Jacobian. A concept of virtual joint was proposed to deal with the cases that the axes of the errors are not coincident with any rotary joint. The proposed method decouples the errors and lowers the order of calibration equations, and thus has a simple representation and lower computational complexity. The results of the simulation show that the method is of validity, generality, and accuracy.
I. INTRODUCTION
A modular reconfigurable robot system has a large number of configurations. When a new robot is assembled, kinematic errors will be introduced inevitably, and they will greatly lower the positioning accuracy of the robot; thus they should be identified and compensated.
Chen et al. [1, 2] proposed a kinematic calibration method based on the Local POE formula. The kinematic errors are assumed to exist only in the relative initial poses of the dyads; thus the calibration model has a simple form. Yang et al. [3] proposed a self-calibration method for three-legged modular parallel robots. Robinson et al. [4] presented a calibration method and software; the elementary transformations are reassigned as six transformations and their corresponding parameters, five of which were identified. Xu et al. [5] proposed a method of calibrating a joint module of two rotary degrees of freedom by using two neural networks. Kang et al. [6] studied two calibration models with and without the interface error compensation, and develop a 3-D metrology system; the former model incorporates all errors, so its computational complexity is high. Dolinsky [7] presented a calibration method by applying symbolic model regression to model synthesis; the method avoids the local convergence, numerical instability and parameter discontinuities. Chen et al. [8] presented a calibration method based by using modified complete and parametrically continuous kinematics model. Okamura and Park [9] proposed a calibration model based on the POE formula; the model assumes that kinematic errors exist in joint axes and the initial pose of the tool frame. Gao et al. [10] proposed a POE-formula-based calibration method for serial robots. He et al. [11] measured the joint trajectory of each joint, and then got the actual twists of the robot. However, these methods either solve complicated equations that cost much computation or need many measured poses.
This paper entirely divides the robot into joints and links in kinematics; then the kinematic errors are divided into two independent categories; thus the proposed method will lower the order and coupling of errors, and has a simpler expression and lower computational complexity. This paper is organized as follows: section II gives the analysis of errors; section III gives the kinematics of a modular robot; section IV proposed the individual module calibration and the assembly-error calibration; a simulation is conducted to verify the method in section V; and some conclusions are drawn in section VI.
II. ANALYSIS OF ERRORS IN A MODULAR ROBOT

A. A Modular Reconfigurable Robot and Its Module Definitions
The module-dividing method is the basis of calibrations. When dividing a robot, some following rules are considered:
1) High Flexibility with Fewer Types and Smaller Quantity of Modules for Various Tasks:
The robot should have a large number of available configurations for various tasks.
2) Appropriate Granularity of Modules: Each module should be self-contained and independent elementary cell of the robot, but not excessive complex.
3) High Interchangeability of Modules: Every module can be replaced by another module of same type reliably, but the performance of the robot will not be affected too much.
4) High Convenience and Accuracy but Low Complexity for Calibration and Application.
Moreover, considering that the existing calibration methods suffer the complexity of calibration equations, a robot should be entirely divided into elementary modules, so the errors can be classified into different categories and hence solved without any affection by other types of errors.
Following the above rules, the robot in this paper consists of joint and link modules, as shown in Fig.1 . Each joint module has a very simple profile to simplify the transformation, whereas each link module can be designed arbitrarily to satisfy the demands of arbitrary transformations.
All connectors are standardized for high interchangeability. Moreover, the output connector of each joint has 6 relative assembly angles [12] . In order to describe the geometry and motion features of a module, an input frame and an output frame are defined at the module's connectors. Please refer to [13] for details about the frame definitions. Based on the definitions of modules and frames, it is possible and easier to divide the kinematic errors into different categories and consequently identify them respectively.
B. Analysis of Kinematic Errors
The positioning accuracy of a robot will be lowered by a diversity of errors, which mainly includes machining tolerance, assembly errors, zero errors of joints, backlashes of gears, wear and drift of mechanical parts, deformation errors of mechanical parts and mechanical transmission systems due to stiffness, deformation error due to temperature, and so on. The machining tolerance with the assembly errors in a module together is called machining errors here, and the assembly errors between modules is still called assembly errors. In general, the machining errors, the assembly errors, and the zero errors compose the majority of the errors. Therefore, they are chosen to be the calibrated objects in this paper.
C. Computing Complexity of Solving Kinematic Errors
In general, conventional calibration methods involve all the error parameters to a calibration model simultaneously. For example, according to the Denavit-Hartenberg notation, the kinematic equation is a result of nonlinear operation of the link parameters; thus, the error model is nonlinear and coupled, and the errors coupled with each other; they can be obtained by solving the complicated nonlinear and coupling equations.
However, if we divide the errors into different categories and identify and compensate them respectively, the computing complexity will be lowered to some extent. Accordingly, based on the division and definition of modules, this paper will divide the calibration process into two parts: the individual calibration and the assembly error calibration. The former will be identified and compensated after a module made, and the measured data will be saved in the module's embedded electronics. The latter will be calibrated when a configuration is assembled based on the proposed algorithm below.
Obviously, the former errors will be used as known data when calibrating the latter ones. Besides, the variables to be solved in calibrating equations will be reduced. Hence, the computing complexity will be lowered greatly.
D. Kinematic Errors to be Identified 1) Individual-Module Errors
The individual-module calibration mainly deals with the machining errors, which are expressed as geometric parameter errors. As shown in Fig.2 , the ideal profile of a joint module is drawn with phantom lines, and its output frame is denoted by { 2 2 2 2 n n n n i i i i o x y z }, where the superscript n denotes that the frame is nominal one. Obviously, there exists a transformation:
which represents the nominal pose of the output frame with respect to the input frame when the joint at its zero position (if the zero position is not accurate, it will be identified and compensated firstly). Here, I is the identity matrix of size 3, and
where h i is the height of joint i. Obviously, it introduces some machining and assembly errors when manufacturing and assembling a module, and thus the actual profile deviates from the nominal one. 
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However, we will directly use ( )
rather than concern these individual errors, i.e., the differential motions. In addition, below we will substitute ( )
for convenience. The errors of the other types of modules can be considered in the same way, and the details are omitted here.
2) Assembly Errors
As shown in Fig. 3(a) , one-plane and one-hole locating method is adopted here. The method has four constraints, and the translation in Z and the rotation about Z are free. The translation will be constrained by fastening screws, and the rotation about Z is fixed with an unknown degree. The assembly errors between consecutive modules can be ragarded as a composition of a six-dimensional differential motion vector, [ , , , , , ]
, which is shown in Fig. 3(a) . However, based on a specified design of connectors and some assumptions, D can be dimensionality-reduced.
As shown is Fig. 3(a) , d
φ is the fitting dimension of two connectors, and the clearance fit H7/g6 is adopted. Suppose that d = 70mm, we have 70 φ H7/g6. Subsequently, we have ES = +0.03mm and ei = -0.029 mm,
where ES and ei are the upper deviations of the hole and the lower deviations of the shaft, respectively. Then, the maximum clearances is
Therefore, the deviations of the assembly, i.e., the differential motions in X and Y, satisfy
|d y |≤X max /2=0.027 mm,
In fact, the maximum value of (5) or (6) or (7) only exists on condition that the diameter of the hole reaches its upper limit, the diameter of the shaft reaches its lower limit, and the hole and the shaft are tangent with each other, simultaneously. Thus, we regard them as negligible errors.
For the other elements of D, we assume that the mating surfaces are flat enough, so after fastened by fastening screws, they are joined together without any gap, that is, d z , x δ , and y δ can be neglected. However, the last element, z δ , cannot be neglected. In general, the diameter of the plain holes of the link are a little larger than the major diameter of the screw. The difference between the diameters is nonnegligible, and thus z δ , which is introduced inevitably when the link is assembled to the joint, is also nonnegligible.
Therefore, we can conclude that the former five elements of D are negligible, and only z δ is left to be identified. Below we substitute φ for z δ for convenience.
III. KINEMATICS OF A MODULAR RECONFIGURABLE ROBOT
Robot modules can be regarded as elementary cells in kinematics [1, 2, 14] . In this paper, the kinematics of a robot will be obtained simply by "connecting" the module frames one by one, and the link modules are independent cells with equal roles as joint modules in kinematics.
A. Representation of Modules
A module can be represented as a homogeneous transform matrix, which describes the pose of the output frame relative to the input frame of the module.
The output frame with respect to the input frame of a rotary joint module i can be represented as
Similarly, we give the representation of a prismatic joint as
where ( )
Moreover, link module i is represented as T Li .
B. Kinematics of a Single-open-chain Robot
Suppose that a robot consists of a series of joint modules
an end-effector G T . Its kinematic equation can be given as
where
, , ,
Considering that the assembly angles exist, we rewrite the joint representation as
where i θ is the assembly angle between joint i and link i+1. By substituting ( )
T q in (10), we obtain the new kinematics of the robot. Below we will delete all the superscripts "new" for convenience.
IV. KINEMATIC CALIBRATION OF A MODULAR RECONFIGURABLE ROBOT
A. Individual-module Calibration For link modules, the errors to be calibrated are the machining errors, i.e., the geometric errors. The errors will be measured by a precise measuring instrument, for example, a laser tracker. Suppose that the nominal transform matrix of a link is Li T , and the calibrated matrix is
C Li
T . The former matrix is used in the design and manufacturing phase while the latter is used in the kinematics modeling phase. Below we will substitute Li T for
T for convenience. For joint modules, machining errors and the assembly errors also are the main errors; besides, the zero position error of a joint is also nonnegligible. However, considering that the zero position error can be regarded as a part of the assembly errors and can be calibrated, the calibration of the position error is not as critical as that of other errors.
To calibrate a joint module, the first step is to control the joint to go back to its zero position. Then compute the representations of its output frame relative to its input frame by the measurement of a laser tracker.
B. Assembly-error calibration 1) Error modeling
Although only the errors of rotation about Z axis are concerned, the translating errors are incorporated in this error model. Let the assembly errors be , ( 1) , 1
, ( 1) ( 1)
then, we rewrite (10) as ( 
, 
T Trans x d Trans y d Rot z T q Trans x d Trans y d Rot z T Trans x d Trans y d
, ( 1) , ( 1) ( 1) , ( 1) ,
where and d δ are the position and orientation deviations of the endeffector, respectively. We collect the deviations, the partial derivative matrices, and the assembly errors, and then orginize them as
, ( 1) (
respectively. Hence, (14) can be rewritten as
According to some measurement results, a set of D and J can be obtained, and, subsequently, ΔQ can be solved by (18).
2) Combination of some errors However, some errors have high correlations with each other, for example, as shown in Fig.4 , Li φ and Ji φ are two neighboring rotations about the same axis, so that we can only calculate the sum of them, but cannot figure each of them.
Considering that the sum of them is adequate for accuratte kinematics, we calculate the sum of them instead of each of them. 
and we obtain 
For a prismatic joint, the assembly error can not be added to itself directly. However, if it has at least one neighoring coincident link, as shown in Fig.5(a) , the assembly errors can be counted to the joint connected to the link. Thus, we have
Otherwise, as an example shown in Fig.5(b) , a concept of virtual joint concept will be introduced to solve the problem. Suppose that prismatic joint i is assembled between two non-coincident links, L i and L i+1 , as shown in Fig. 5(b) . A virtual joint is added to joint i as shown in Fig.5(c) , and its transformation matrix is
where 0
Vp q = before calibrated. Thus, we have
, ,
where For an end-effector, in the case of that it is connected to a coincident link, as shown in Fig. 6(a) , the assembly error, ( ) 1 L n φ + , can also be add to its neighboring joint, similarly:
Otherwise, as shown in Fig. 6(b) and (c), the axes of errors are not coincident with any rotary joint axis, and thus can not be counted to a joint; then the virtual joint works again. As shown is Fig. 6(b) and (c), we add a virtual joint between link L n+1 and the end-effector. The transform matrix of the virtual joint is
where q Vg is zero because a virtual joint has no real motion. Subsequently and similarly, we have
,
For an identical representation form, by substituting Vg (21), (23), (24) and (27) to (13), and neglect the tranlating errors, we have ( )
Neglecting the tranlating errors, we rewrite (18) as ( )
where , , , , , 
4) Consideration for a More-than-six-DOF Robot
Given a robot of n DOF( virtual joints included), if n>6, some additional poses should be measured. Suppose that 6<n<17, two poses should be measured, which are denoted by T M1 and T
M2
Consequently, we have
5) Computing algorithm for the calibration
Considering that
where T M (q) and T 0 (q) are the measured value and nominal value of pose of the endeffector, respectively. The value of (13) can be used as T M (q). Moreover, we have
where the supercritpt "
∨ " denotes the mapping from a differential operator to its corresponding differential motion vector. Therefore, D can be obtained as [15] :
According to (30) or (32), the least-square solution of Φ is
where J + is the pseudoinverse of J and is based on the singular value decomposition (SVD) [16] . Furthermore, the solution of Φ can be further improved by Newton-Raphson iterative algorithm [17] .
V. SIMULATION
Considering that the individual calibration is a measuring process, and the results can be obtained directly, we suppose that the accurate models of the modules are known, and the nominal models will be used for convenience.
A. Simulation scheme
Firstly, given a set of individual-calibrated modules, a configuration, values of q, θ , and the assembly error E, we will compute the nominal and the measured poses of the endeffector, T 0 (q) and T M (q), respectively. Then, the proposed method will be employed to identify the assembly errors.
B. Simulation model of a 6-DOF robot
As shown in Fig. 7(a) , a 6-DOF configuration, which consists of five rotary joints, one prismatic joint, one gripper, and some links, is chosen for this simulation. Fig. 7(b) and (c) show a CAD model and a photo of the robot, respectively. Suppose that every module has been calibrated. The dimensions of the modules are shown in Fig. 8 and Table I. Following the above data, all the module transformations will be obtained. Let 
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respectively. Obviously, the entries of the last row of E are the errors to be calibrated, and they can be rewritten as [ ] 1  1  2  2  3  3  4  4  5  5  6  6  7 , , ,
[0.64 , 0.16 , 0, 0.29 , 0.13
C. Simulation and its results
The nominal pose of the end, T 0 (q), which is obtained by (10) , and the actual pose of that, which should be measured by a measuring instrument, are 
respectively. Considering q 3 = 0 constantly, the third column of Jacobian, i.e., J 3 , will be set to be zeroes.
According the proposed method, a MATLAB program is written and runs. After five iterations, the computing converges, and thus we get the assembly errors. Table II shows the comparison between the given values and the calibrated values, and gives the differences between them. To verify the calibration, ten random poses are computed. The differences between the nominal and the actual positions (before calibration) and that between the nominal and the calibrated positions (after calibration) are computed, and are shown in Table III and Fig. 9 . The results show that the two sets of differences, before and after calibrated, differ by about two orders of magnitude. After calibrated, the accuracy of the robot is competent for tasks. Therefore, the method is valid, precise enough, and adaptable to a modular robot.
VI. CONCLUSION AND FUTURE WORK
This paper proposes a new calibration method for a modular reconfigurable robot. Based on the division and definition of modules, the kinematic errors are divided into two categories, and calibrated independently and respectively. A concept of virtual joint is employed when the errors cannot be added to the neighboring joints. The simulation results verify the validity of the proposed method.
In the future, some experiments will be designed and carried out to verify the generality of the method. Moreover, the measuring process of an end-effector's pose will inevitably introduce some measuring errors, and the practical effect of the method should be verified by physical experiments.
